Introduction
============

Hepatocellular carcinoma (HCC) is the sixth most common malignancy worldwide, and has persistently increasing rates of both incidence and mortality.[@b1-ott-9-7253] Curative surgical procedures, such as tumor resection and liver transplantation, are not available for advanced HCC patients; instead, they can only turn to chemotherapeutic drugs to slow down the progress of the tumor.[@b2-ott-9-7253] Currently, sorafenib is the only chemotherapy drug that is widely used in clinical applications as a first-line treatment for advanced HCC.[@b3-ott-9-7253] However, there is increasing evidence of resistance to this drug.[@b4-ott-9-7253] As such, identification of curative second-line treatments for advanced HCC has become extremely urgent.

While cetuximab, an epidermal growth factor receptor (EGFR) inhibitor, was shown to display satisfactory curative effect in patients with non-small cell lung cancer,[@b5-ott-9-7253] many clinical trials have indicated its modest activity in advanced HCC, even though some patients show high EGFR expression.[@b6-ott-9-7253],[@b7-ott-9-7253] However, a recent study revealed that rapamycin or an miR-146a mimic could enhance cetuximab cytotoxicity on HCC cell lines.[@b8-ott-9-7253],[@b9-ott-9-7253] Therefore, cetuximab may be a promising second-line treatment for HCC in combination with some other complementary medicines, such as microRNAs (miRNAs).

MiRNAs, endogenous noncoding RNA molecules (18--25 nucleotides in length), negatively regulate the expression of numerous target genes. For the past few years, miRNA profiling studies have indicated that many miRNAs are abnormally expressed in HCC tissues and affect the initiation and progression of HCC.[@b10-ott-9-7253],[@b11-ott-9-7253] Chiefly, the miRNA let-7 plays a vital role in tumor suppression in many cancers, including esophageal squamous cell carcinoma, lung cancer, nasopharyngeal carcinoma, and prostate cancer.[@b12-ott-9-7253]--[@b15-ott-9-7253] Although miRNA let-7 is known to correlate with poor prognosis of hepatitis B virus-related HCC patients,[@b16-ott-9-7253] few studies have investigated its precise function in HCC.

Let-7 has multiple subtypes (a, b, c, d, e, f, and g); however, the let-7a subtype has been correlated with tumor proliferation and differentiation.[@b17-ott-9-7253]--[@b19-ott-9-7253] Therefore, in this study, we investigated whether the let-7a subtype could increase the sensitivity of HCC cell lines to cetuximab, and aimed to unravel its mechanism of action.

Materials and methods
=====================

Cell culture
------------

HCC cell lines Huh7, Hep3B, HepG2, SNU449, and SNU387 were purchased from the Chinese Academy of Science Cell Bank (Shanghai, People's Republic of China). The ethics committee and institutional review board of the Chinese Academy of Science Cell Bank gave ethical approval for this study. The HepG2 cell line was maintained in Dulbecco's Modified Eagle's Medium (Thermo Fisher Scientific, Waltham, MA, USA), Huh7 and Hep3B were maintained in Minimum Essential Medium (Thermo Fisher Scientific), and SNU449 and SNU387 were maintained in RPMI 1640 (Thermo Fisher Scientific). All culture media were supplemented with 10% fetal bovine serum (FBS), and cells were incubated at 37°C in a humidified atmosphere of 5% CO~2~. Cetuximab was obtained from Merck (Darmstadt, German) and dissolved in double-distilled water for the purpose of this research.

RNA oligoribonucleotides and transfection
-----------------------------------------

The let-7a mimic, inhibitor, control, siRNA-signal transducer and activator of transcription 3 (STAT3), and negative control siRNA were synthesized by Qiagen (Venlo, the Netherlands). Cells were transfected using lipofectamine 2000 (Thermo Fisher Scientific) according to manufacturer's instructions.

Cell viability assay
--------------------

HCC cell lines (Huh7, Hep3B, HepG2, SNU449, and SNU387) were seeded at a density of 3,000 cells/well in 96-well plates. After the cells completely adhered to the well, the culture medium was replaced with media containing 10% FBS and a certain concentration of cetuximab (0, 500, 1,000, 1,500, or 2,000 µg/mL) and cultivated at 37°C, 5% CO~2~ for 48 hours. Cell viability was subsequently measured using a Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Tokyo, Japan) after 1--2 hours, according to manufacturer's instructions. An MRX II microplate reader (Dynex, Chantilly, VA, USA) was used to measure the optical density at 450 nm.

Western blot
------------

HCC cell lines (Huh7, Hep3B, HepG2, SNU449, and SNU387) were seeded at a density of 2.0×10^5^ cells/well in 6-well plates. After the cells completely adhered to the well, the let-7a mimic, inhibitor, control, si-STAT3, and negative control siRNA were added to the media, respectively. After 48 hours, cells were washed with phosphate-buffered saline three times, and lysed in radio immunoprecipitation assay lysis buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% Triton X-100; 1% sodium deoxycholate; 0.1% sodium dodecyl sulphate; and 1 mM phenylmethylsulfonyl fluoride) for 2 hours on ice. Sample proteins were quantified using a Pierce bicinchoninic acid protein assay (Thermo Fisher Scientific). Equal amounts of proteins were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes, and probed with the antibody of interest. The primary antibody (stat3) concentration was 1:1,000, and the secondary antibody concentration was 1:2,000. All antibodies were purchased from Abcam company (Cambridge, MA, USA).

Cell proliferation assay
------------------------

The proliferation of HCC cell lines (Huh7, Hep3B, HepG2, SNU449, and SNU387) was determined using the Click-iT EdU Imaging Kit (Thermo Fisher Scientific), according to the manufacturer's protocol. Briefly, cells were treated with miRNA let-7a mimics, inhibitors, or control for 24 hours, then incubated with an half maximal inhibitory concentration (IC~50~) (Huh7: 2,564 µg/mL, Hep3B: 2,299 µg/mL, HepG2: 7,167 µg/mL, SNU449: 2,450 µg/mL, and SNU387: 3,182 µg/mL) of cetuximab for 24 hours, and finally with 10 µM EdU for 2 hours before fixation, permeabilization, and EdU staining. Cell nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific) at a concentration of 5 µg/mL for 30 minutes.

Real-time quantitative polymerase chain reaction
------------------------------------------------

Total RNA was extracted from HCC cell lines using TRIzol reagent following the manufacturer's protocol (Thermo Fisher Scientific). First-strand complementary DNA was generated using a Reverse Transcription System Kit (Promega Corporation, Madison, WI, USA). Real-time and polymerase chain reaction (PCR) primers for miRNA let-7a and STAT3 were purchased from TAKARA Biotechnology (Dalian, People's Republic of China). Expression of each gene was measured by quantitative PCR with the Applied Biosystems 7,500/7,500 Fast Real-Time PCR system (Thermo Fisher Scientific) and SYBR green dye (TAKARA Biotechnology). Glyceraldehyde 3-phosphate dehydrogenase and U6 were used as internal controls, and the 2^−ΔΔCt^ method was used for relative quantification. All reactions were performed in triplicate.

Statistical analysis
--------------------

SPSS17.0 software was used for statistical analysis. The experimental data were expressed as mean ± standard deviation, and assessed by a two-tailed Student's *t*-test. A *P*\<0.05 level of statistical significance was used.

Results
=======

Let-7a enhances the sensitivity of HCC cells with epithelial phenotypes to cetuximab
------------------------------------------------------------------------------------

To investigate the function of let-7a on the sensitivity of HCC cell lines to cetuximab, we used a cell viability assay (the CCK-8 assay) and a cell proliferation assay (the EdU assay). We detected the viability of HCC cell lines incubated in the presence of different cetuximab concentrations. Each cell line was divided into three groups: a let-7a mimic, a let-7a inhibitor, and a control group. Compared with the control, the let-7a mimic enhanced the function of cetuximab in HCC cells with epithelial phenotypes (ie, Huh7, Hep3B, and HepG2), while the let-7a inhibitor displayed the opposite results ([Figure 1A--C](#f1-ott-9-7253){ref-type="fig"}). However, no difference in the function of cetuximab in HCC cells with mesenchymal phenotypes (ie, SNU387 and SNU449) was observed ([Figure 1D and E](#f1-ott-9-7253){ref-type="fig"}). Under the same condition, the EdU assay also revealed that the let-7a mimic could enhance the function of cetuximab on the proliferation of HCC cells with epithelial phenotypes but not in those with mesenchymal phenotypes ([Figure 1A--E](#f1-ott-9-7253){ref-type="fig"} and [Table 1](#t1-ott-9-7253){ref-type="table"}).

STAT3 is the target gene of let-7a and is negatively regulated by let-7a
------------------------------------------------------------------------

Recent studies have reported that STAT3 expression is correlated with the effect of anti-EGFR therapeutic drugs in solid tumors.[@b20-ott-9-7253] Therefore, we hypothesized that STAT3 is regulated by the let-7a. We used TargetScan ([www.targetscan.org](http://www.targetscan.org)) to predict the associated miRNAs for STAT3. As expected, STAT3 is a target gene of let-7a ([Figure 2A](#f2-ott-9-7253){ref-type="fig"}). Then, we detected the expression of let-7a and STAT3 mRNA in the HCC cell lines (Huh7, Hep3B, HepG2, SNU387, and SNU449) by PCR. We found the mRNA expression of let-7a was negatively correlated with mRNA expression of STAT3 ([Figure 2B](#f2-ott-9-7253){ref-type="fig"}). Next, we treated these HCC cell lines separately with a let-7a mimic, inhibitor, and control, and detected the expression of STAT3 and let-7a by PCR. Compared with the control, expression of STAT3 was suppressed in the presence of the let-7a mimic ([Figure 2C](#f2-ott-9-7253){ref-type="fig"}). However, STAT3 was overexpressed in the presence of the let-7a inhibitor ([Figure 2D](#f2-ott-9-7253){ref-type="fig"}). These changes in STAT3 expression were further confirmed by our Western blot analysis of STAT3 protein expression ([Figure 2E](#f2-ott-9-7253){ref-type="fig"}). Therefore, our results suggest that STAT3 is the target gene of let-7a.

Suppression of STAT3 could enhance the sensitivity of epithelial phenotype HCC cells to cetuximab
-------------------------------------------------------------------------------------------------

As STAT3 was negatively regulated by let-7a, and a let-7a mimic can enhance sensitivity of HCC cells with epithelial phenotypes to cetuximab, we hypothesized that the suppression of STAT3 could lead to the same result. To examine this, first we employed siRNA to knockdown the expression of STAT3 and verified the efficiency by Western blot ([Figure 3A](#f3-ott-9-7253){ref-type="fig"}). Then, we used the CCK-8 assay to detect the cell viability of HCC cell lines in different cetuximab concentrations. Each cell line was divided into two groups: a STAT3 siRNA group and a negative siRNA group. Compared to the control, suppression of STAT3 enhanced the function of cetuximab on HCC cell lines with epithelial phenotypes (ie, Huh7, Hep3B, and HepG2), but not on HCC cell lines with mesenchymal phenotypes (ie, SNU387 and SNU449; [Figure 3B--F](#f3-ott-9-7253){ref-type="fig"} and [Table 2](#t2-ott-9-7253){ref-type="table"}). Therefore, negative regulation of STAT3 is correlated with the increased sensitivity of HCC cells with epithelial phenotypes to cetuximab.

STAT3 suppression impairs the role of let-7a on increasing the sensitivity of HCC cells to cetuximab
----------------------------------------------------------------------------------------------------

To verify that let-7a enhances sensitivity of HCC cells with epithelial phenotype to cetuximab through negatively regulating STAT3 expression, we conducted a rescue experiment. We adopted siRNA to knockdown the expression of STAT3 in HCC cell lines. Then we used the CCK-8 assay to detect the cell viability of HCC cell lines in different cetuximab concentrations. Again, each cell line was divided into three groups (a let-7a mimic, a let-7a inhibitor, and a control group). All HCC cell lines showed the same result: that is, the regulatory ability of let-7a on the sensitivity of HCC cell lines to cetuximab was reversed when STAT3 was suppressed ([Figure 4A--E](#f4-ott-9-7253){ref-type="fig"}). This indicates that let-7a enhances the sensitivity of HCC cell lines with epithelial phenotypes to cetuximab by regulating STAT3 expression.

Discussion
==========

Traditional surgical treatment or liver transplantation are the only potentially curative therapies for HCC; however, in the case of advanced HCC, chemotherapy is the only available option.[@b1-ott-9-7253]--[@b3-ott-9-7253] Moreover, with the increase in resistance to first-line chemotherapy treatments (such as for sorafenib),[@b4-ott-9-7253] the identification of curative second-line treatments for advanced HCC is urgently required. Furthermore, it has been determined that EGFR activation is a potential determinant of primary resistance of HCC cells to sorafenib, while inhibition of EGFR by its specific inhibitor cetuximab promotes the efficacy of sorafenib.[@b20-ott-9-7253] So recent studies indicate that cetuximab may be a promising second-line drug for advanced HCC, although it only shows moderate activity.[@b7-ott-9-7253]--[@b9-ott-9-7253] MiRNAs have shown some promise for enhancing cetuximab cytotoxicity on HCC cell lines.[@b8-ott-9-7253],[@b9-ott-9-7253] Therefore, we examined whether the well-known tumor suppressor, let-7a,[@b12-ott-9-7253]--[@b15-ott-9-7253] could enhance the cytotoxicity of cetuximab in HCC cells. We found that exogenous let-7a overexpression could enhance the sensitivity of HCC cells with epithelial phenotypes to cetuximab, while no difference in sensitivity was observed on HCC cell lines with mesenchymal phenotypes.

Several recent studies have reported that anti-EGFR therapeutic efficacy correlates directly with inhibition of STAT3 activity. In particular, patients who develop cetuximab resistance always have overexpression of STAT3.[@b21-ott-9-7253] Furthermore, a novel STAT3 inhibitor NSC 74859 enhances the antiproliferative activity of cetuximab in HCC.[@b22-ott-9-7253] Moreover, the activity of STAT3 was correlated with tumor proliferation, migration, and invasion.[@b23-ott-9-7253] Cetuximab, an anti-EGFR monoclonal antibody that targets the extracellular domain of the EGFR, is used to treat several cancers.[@b24-ott-9-7253] Furthermore, the previous research demonstrated that activation of STAT3 was shown to play a role in tumor resistance to anticancer drugs, and downregulation of pSTAT3 increased the sensitivity of human cancer cells to cetuximab. Therefore, we examined whether the function of let-7a on HCC sensitivity to cetuximab was related to STAT3. We used TargetScan to search the correlated miRNAs of the STAT3 3′-UTR segment, and found that STAT3 is a target gene of let-7a. Furthermore, we found that STAT3 expression was negatively correlated with let-7a. This suggests that STAT3 is negatively regulated by let-7a. Indeed, in the presence of a let-7a mimic, STAT3 expression was decreased. To further verify our hypothesis, we used STAT3 siRNA to knockdown STAT3 expression in HCC cell lines. When the HCC cell lines were incubated in the presence of a control, a let-7a mimic, and a let-7a inhibitor, we found no differences in the sensitivity (cytoxicity) of the cells to cetuximab.

In conclusion, our study found that let-7a can enhance the sensitivity of HCCs with an epithelial phenotype to cetuximab by regulating STAT3 expression, but has no effect on HCC cells with the mesenchymal phenotype. This finding suggests a crucial role of let-7a in future miRNA-based combined chemotherapy. However, the validity and security of combined chemotherapy based on let-7a should be carefully evaluated in well-designed clinical trials.
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###### 

Let-7a can enhance the sensitivity of HCC cells with epithelial phenotypes to cetuximab.

**Notes:** (**A**--**E**) All HCC cell lines were separated into three groups: the let-7a mimic, inhibitor, and control groups. Cell viability was determined using the CCK-8 assay in the presence of different concentrations of cetuximab (0, 500, 1,000, 1,500, and 2,000 µg/mL). Cell proliferation rate (using the EdU assay) was determined in the presence of an IC~50~ concentration (Huh7: 2,564 µg/mL, Hep3B: 2,299 µg/mL, HepG2: 7,167 µg/mL, SNU449: 2,450 µg/mL, and SNU387: 3,182 µg/mL) of cetuximab (^\*^*P*\<0.05, ^\*\*^*P*\<0.01 vs control. Huh7: P~Let-7a\ mimic+Cet~=0.0284, P~Let-7a\ inhibitor+Cet~=0.0378; Hep3B: P~Let-7a\ mimic+Cet~=0.0051, P~Let-7a\ inhibitor+Cet~=0.0218; HepG2: P~Let-7a\ mimic+Cet~=0.0415, P~Let-7a\ inhibitor+Cet~=0.0138).

**Abbreviations:** CCK-8, Cell Counting Kit-8; Cet, cetuximab; IC~50~, half maximal inhibitory concentration; HCC, hepatocellular carcinoma.
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![Let-7a negatively regulates the expression of STAT3.\
**Notes:** (**A**) Predicted matching miRNAs for the STAT3 3′-UTR segment by TargetScan analysis. (**B**) mRNA expression of STAT3 and let-7a in the various HCC cell lines. (**C**) mRNA expression of STAT3 in the various HCC cell lines in the presence of the miRNA let-7a mimic, inhibitor, and control. (**D**) mRNA expression of let-7a in the various HCC cell lines in the presence of the miRNA let-7a mimic, inhibitor, and control. (**E**) Protein expression of STAT3 in the various HCC cell lines in the presence of the miRNA let-7a mimic, inhibitor, and control as detected by western blot (^\*^*P*\<0.05, ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001, Huh7: P~Let-7a\ mimic+Cet~=0.0338, P~Let-7a\ inhibitor+Cet~=0.0047; Hep3B: P~Let-7a\ mimic+Cet~=0.0080, P~Let-7a\ inhibitor+Cet~=0.0289; HepG2: P~Let-7a\ mimic+Cet~=0.0004, P~Let-7a\ inhibitor+Cet~=0.0206; SNU387: P~Let-7a\ mimic+Cet~=0.0003, P~Let-7a\ inhibitor+Cet~=0.0062; SNU449: P~Let-7a\ mimic+Cet~=0.0022, P~Let-7a\ inhibitor+Cet~=0.0054).\
**Abbreviations:** HCC, hepatocellular carcinoma; miRNA, microRNA; mRNA, messenger RNA; STAT3, signal transducer and activator of transcription 3.](ott-9-7253Fig2){#f2-ott-9-7253}

![Suppression of STAT3 could enhance the sensitivity of epithelial phenotype HCC cells to cetuximab.\
**Notes:** (**A**) Transfection efficiency of STAT3 siRNA detected by Western blot in the five HCC cell lines; GAPDH was used as control (^\*^*P*\<0.05, ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001 Huh7: *P*=0.0353; Hep3B: *P*=0.0005; HepG2: *P*=0.0067; SNU387: *P*=0.0001; SNU449: *P*=0.0002). (**B**--**F**) Cell viability was determined using the CCK-8 assay in the presence of different concentrations of cetuximab (0, 500, 1,000, 1,500, and 2,000 µg/mL). All HCC cell lines were separated into two groups: a STAT3 siRNA group and a negative siRNA control group.\
**Abbreviations:** CCK-8, Cell Counting Kit-8; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HCC, hepatocellular carcinoma; siRNA, small interfering RNA; STAT3, signal transducer and activator of transcription 3.](ott-9-7253Fig3){#f3-ott-9-7253}

![The role of let-7a on increasing the sensitivity of HCC cells to cetuximab is impaired after STAT3 suppression.\
**Notes:** (**A**--**E**) After STAT3 knockdown, the HCC cell lines were separated into three groups, and separately transfected with the let-7a mimic, inhibitor, or control. Cell viability was determined using the CCK-8 assay in the presence of different concentrations of cetuximab (0, 500, 1,000, 1,500, and 2,000 µg/mL).\
**Abbreviations:** CCK-8, cell counting kit-8; HCC, hepatocellular carcinoma; STAT3, signal transducer and activator of transcription 3.](ott-9-7253Fig4){#f4-ott-9-7253}

###### 

IC~50~ values for cetuximab in HCC cell lines with or without let-7a mimic or let-7a inhibitor treatment

  HCC cell line   IC~50~ (μg/mL)                                                            
  --------------- ---------------- -------------------------------------------------------- --------------------------------------------------------
  Huh7            2,564±109.8      2,104±96.51[\*](#tfn1-ott-9-7253){ref-type="table-fn"}   3,853±495.5[\*](#tfn1-ott-9-7253){ref-type="table-fn"}
  Hep3B           2,299±76.91      1,279±44.54[\*](#tfn1-ott-9-7253){ref-type="table-fn"}   3,000±287.3[\*](#tfn1-ott-9-7253){ref-type="table-fn"}
  HepG2           7,167±2293       2,732±170.5[\*](#tfn1-ott-9-7253){ref-type="table-fn"}   7,913±3625[\*](#tfn1-ott-9-7253){ref-type="table-fn"}
  SNU387          3,182±190.9      2,814±216.9                                              2,473±137.0
  SNU449          2,450±70.66      2,406±99.81                                              2,511±157.8

**Notes:**

*P*\<0.05 vs cetuximab alone. Data presented as mean ± SD.

**Abbreviations:** HCC, hepatocellular carcinoma; IC~50~, half maximal inhibitory concentration; SD, standard deviation.

###### 

IC~50~ values for cetuximab in HCC cell lines with negative siRNA plus cetuximab treatment or cetuximab plus STAT3 siRNA treatment

  HCC cell line   IC~50~ (μg/mL)   
  --------------- ---------------- --------------------------------------------------------
  Huh7            2,564±109.8      2,037±134.7[\*](#tfn3-ott-9-7253){ref-type="table-fn"}
  Hep3B           2,167±68.96      1,562±74.38[\*](#tfn3-ott-9-7253){ref-type="table-fn"}
  HepG2           7,167±2,293      1,680±79.01[\*](#tfn3-ott-9-7253){ref-type="table-fn"}
  SNU387          2,554±154.2      2,487±272.2
  SNU449          2,220±71.31      2,239±115.1

**Notes:**

*P*\<0.05 vs negative siRNA + cetuximab. Data presented as mean ± SD.

**Abbreviations:** HCC, hepatocellular carcinoma; IC~50~, half maximal inhibitory concentration; SD, standard deviation; siRNA, small interfering RNA; STAT3, signal transducer and activator of transcription 3.
